In children, sporadic nephrotic syndrome can be related to a genetic cause, but to what extent genetic alterations associate with resistance to immunosuppression is unknown. In this study, we designed a custom array for next-generation sequencing analysis of 19 target genes, reported as possible causes of nephrotic syndrome, in a cohort of 31 children affected by sporadic steroid-resistant nephrotic syndrome and 38 patients who exhibited a similar but steroid-sensitive clinical phenotype. Patients who exhibited extrarenal symptoms, had a familial history of the disease or consanguinity, or had a congenital onset were excluded. We identified a genetic cause in 32.3% of the children with steroid-resistant disease but zero of 38 children with steroid-sensitive disease. Genetic alterations also associated with lack of response to immunosuppressive agents in children with steroid-resistant disease (0% of patients with alterations versus 57.9% of patients without alterations responded to immunosuppressive agents), whereas clinical features, age at onset, and pathologic findings were similar in steroid-resistant patients with and without alterations. These results suggest that heterogeneous genetic alterations in children with sporadic forms of nephrotic syndrome associate with resistance to steroids as well as immunosuppressive treatments. In these patients, a comprehensive screening using such an array may, thus, be useful for genetic counseling and may help clinical decision making in a fast and cost-efficient manner.
Nephrotic syndrome represents one of the most common diagnoses in pediatric nephrology, with a prevalence of 16 per 100,000 children in Western countries. [1] [2] [3] In most cases, the pathogenesis of nephrotic syndrome remains elusive, and the clinical phenotype of patients does not allow discrimination among different causes. Thus, children with nephrotic syndrome are usually treated with corticosteroids before any diagnostic procedure, and approximately 80% of them respond to such a treatment. According to this observation, pediatric nephrotic syndrome has been separated into two broad categories (i.e., steroid-sensitive nephrotic syndrome [SSNS] and steroid-resistant nephrotic syndrome [SRNS] ). Although children affected by SSNS have good long-term prognosis, most patients with SRNS progress to ESRD within 2-10 years of diagnosis. [1] [2] [3] Multiple putative causes of SRNS have been postulated, such as mutations in genes regulating the functional integrity of the podocyte as well as permeability factors or other environmental agents altering the podocyte membrane. [4] [5] [6] Currently, at least 19 genes have been clearly identified as causes of SRNS, 2,7-12 conferring a considerable genetic heterogeneity to the disorder. Extrapolations from selected child case series for single genes seemed to suggest that only a small percentage of total nephrotic syndrome cases results from defects of a single gene. Recent studies suggested that the frequency may be higher after several genes are analyzed at the same time, 12 but they mostly included patients with a familial history, an early onset of the disease, or a syndromic picture, who are likely affected by genetic forms. Thus, in this study, we specifically analyzed the prevalence of genetic defects in children with sporadic forms of nephrotic syndrome (Supplemental Table 1 ), and we hypothesized that the presence of genetic alterations in podocyte genes may significantly associate with resistance to steroids as well as immunosuppressive treatments in these patients.
RESULTS
To this aim, we analyzed 19 genes reported as possible causes of nephrotic syndrome (Supplemental Table 2A ) using next-generation sequencing (NGS) technology in 31 children affected by sporadic SRNS as well as 38 additional patients who exhibited a similar clinical phenotype but were responsive to steroids (Supplemental Table 1 ). To focus the analysis on those patients who cannot be clinically distinguished except for their response to steroids or immunosuppressive treatments, patients who exhibited extrarenal symptoms, had a familial history, or had a congenital onset were excluded. To eventually identify novel genes associated with this disorder, 27 other candidate genes expressed in the glomerular filtration barrier were also included in this array (Supplemental Table 2B ).
To prioritize the identified variants, we followed the algorithm that is shown in Figure 1 and detailed in the Supplemental Material. On the basis of the results, the variants were classified as potentially pathogenic variants, variants of unknown clinical significance, or benign variants in accordance with the American College of Medical Genetics and Genomics (ACMG) guidelines. [13] [14] [15] Of 69 probands, 10 carried 17 mutated alleles that satisfied criteria for a molecular diagnosis (Table 1) . More specifically, in five patients, we observed different variants in the NPHS2 gene (two homozygous and three compound heterozygous) that were already described as potentially pathogenic. [16] [17] [18] [19] [20] In patient 1, we observed the non-neutral polymorphic variant -52 C.G, which was previously reported to reduce NPHS2 transcription by abolishing the binding of the regulatory factor upstream transcription factor 1 (USF1) to the NPHS2 promoter. 16 This patient was homozygous, having inherited the two variants from each of two nonaffected parents, and displayed a significantly reduced podocin expression at the biopsy (Supplemental Figure 1) , even if he was affected by a minimal change disease, where levels of podocin are usually normal. 21 In patients 3-5, podocin was extremely reduced or virtually absent in the available bioptic specimens (Supplemental Figure 1) . In two patients, we observed two unreported variants in the PLCE1 gene (both compound heterozygous). Because these variants resulted in the introduction of a stop codon and were consistent with the phenotype of the patients, they were recognized as potentially pathogenic in accordance with the interpretation of the ACMG guidelines. In all patients affected by NPHS2 or PLCE1 autosomal recessive disease, potentially pathogenic variants were inherited from each of two nonaffected parents. Finally, three other patients showed heterozygous variants in the dominantly transmitted ACTN4 and LMX1B genes. These variants were not previously reported, but they were localized in highly conserved domains of the protein (Supplemental Figure 2 ), predicted to be pathogenic by in silico analysis (Table 1) , and consistent with the phenotype of the patients. 13 More importantly, both the mutations in the ACTN4 gene had occurred de novo. By contrast, the variant in the LMX1B gene was inherited by the father, who did not have a clear history of renal disease and only showed microhematuria and mild proteinuria on medical check-up. However, after the LMX1B variant was identified, other possible clinical abnormalities of the nail-patella syndrome were carefully searched in the child.
Although the nails and kneecaps (patellae) appeared normal and iliac horns were not found, on radiologic examination, the child revealed a bilateral lack of ossification of the proximal radial epiphysis (Supplemental Figure 3 ). This abnormal phenotype, even if asymptomatic, was previously reported as related to LMX1B mutations. 22 We then retrospectively collected clinicopathologic information about patients (Supplemental Tables 1 and 3) , evaluating potential associations with the results of the genetic screening. As mentioned, we observed potentially pathogenic mutations in 10 of 69 patients: strikingly, all were steroidresistant, underlying a prevalence of 32.3% of genetic forms among patients with sporadic SRNS (Figure 2A ). By contrast, no genetic alterations were found in the group of patients with SSNS ( Figure 2A ) (chi-squared=11.85; P,0.001). The age at onset of nephrotic syndrome was comparable between the group of SRNS with potentially pathogenic mutations (median of 3 years and 6 months), the group of SRNS that was negative to the genetic screening (median of 4 years and 2 months), and the group of SSNS (median of 3 years and 9 months; Mann-Whitney U test: all not significant) ( Figure 2B ). Although differences in age distribution may become significant if a larger number of patients would be analyzed, they are extremely small, and age at onset largely overlaps in these three groups of patients, suggesting that it is difficult to distinguish sporadic patients carrying genetic mutations on the basis of this clinical criterion. In addition, pathologic diagnosis on renal biopsy was available in 28 patients with SRNS (Supplemental Table 3 ). No significant difference between patients with mutated and not mutated SRNS was found in the frequency of FSGS (66.7% versus 63.2%; NS), minimal change disease (22.1% versus 21%; NS), and diffuse mesangial sclerosis (11.1% versus 15.8%; NS) ( Figure 2C) , showing that neither the clinical features nor the pathologic phenotype can distinguish between these two groups. By contrast, response to immunosuppressive treatments was significantly different in mutated and not mutated SRNS patients. Indeed, six of 10 children with mutated SRNS were treated with immunosuppressive drugs, but none of them responded to the treatment (Supplemental Table 3 ). However, a response to immunosuppressors was observed in 57.9% of children affected by SRNS without mutations (chi-squared=4.08; P,0.05) ( Figure 2D ). As expected, all patients with SSNS responded to immunosuppressive drugs. Finally, 26 patients with SRNS were treated with reninangiotensin system inhibitors (RAS-Is). Although too small to draw effective conclusions, the number of patients who responded to RAS-Is was not significantly different between patients with mutated and not mutated SRNS (33.3% versus 47.1%; NS). These results suggest that at least a subset of mutated children may benefit from treatment with RAS-Is.
DISCUSSION
The advent of high-throughput DNA sequencing to find causal genes has lead us to better appreciate that many simple mendelian genetic diseases are anything but simple. 23 This finding is particularly true for nephrotic syndrome, which is characterized by an extremely variable prognosis and response to treatment instead of a homogeneous clinical phenotype. However, the enormous potential of NGS technology represents "the reverse side of the medal," leading to a sheer volume of new data that is overwhelming the capacity of institutions to manage it and limiting its use in clinical practice. Thus, in this study, we established an exhaustive strategy on the basis of screening through NGS of the largest number of genes involved in SRNS evaluated so far. This technique allowed us to analyze 46 genes in up to 12 patients in only 4 weeks with a cost of $830 per patient. In comparison, Sanger sequencing has a cost of $500 per gene, and therefore, a similar analysis would cost $10,000 per patient and require many months. Thus, this method has the advantage of a more feasible dataset for a bioinformatic analysis, and it is fast and cost-efficient, which makes it functionally interpretable and suitable for clinical practice. This innovative strategy allowed us to establish the existence of potentially pathogenic variants in 32.3% of 31 patients with sporadic steroid-resistance, whereas using the same technical approach, zero of 38 additional patients who exhibited a similar clinical phenotype but were steroid-sensitive had genetic mutations in the analyzed genes. The identified genetic alterations included compound heterozygosity of recessive genes, which is known as a potential cause of FSGS, 24 as well as de novo mutations or mutations in low-penetrance dominant genes. These types of mutations explain why mendelian disorders can be frequently observed in patients with sporadic SRNS, even in absence of consanguinity or familial history, and they suggest that, in a child who displays resistance to steroids, an extended genetic screening may help in providing appropriate genetic counseling to the family. More importantly, by specifically analyzing only sporadic cases of SRNS, this study shows that resistance to immunosuppressive treatments in children with nephrotic syndrome is frequently associated with heterogeneous genetic mutations in podocyte genes. Indeed, patients with sporadic SRNS carrying genetic mutations exhibited similar clinical features and pathologic findings compared with patients with not mutated SRNS but significantly differed for the rate of response to immunosuppressive drugs. Interestingly, although FSGS was the most frequent pathologic finding observed in patients with mutated SRNS, two thirds of cases of FSGS in patients with SRNS were observed in patients with not mutated SRNS. Considering that about 30% of FSGS in children is responsive to steroids, 25, 26 our results suggest that the predictive power of a bioptic finding of FSGS for a genetic cause is rather low. Consistently, a recent study that analyzed genetic mutations in children affected by sporadic FSGS without considering the response to treatment found a frequency of potentially pathogenic mutations of about 10%. 27 Our study also has some limitations. Indeed, it is a retrospective study that analyzed all patients with sporadic nephrotic syndrome who were referred to our hospital and gave informed consent to the study. Although it reflects clinical practice, it may have generated bias among different groups that are not strictly matched. Thus, these conclusions will need to be confirmed through blinded, prospective studies. In addition, the number of patients studied is relatively small and cannot explain the reason for lack of response to immunosuppressive treatment in a relevant percentage of patients with not mutated SRNS. However, new causative genes for nephrotic syndrome are continuously discovered, and variants of unknown significance that could still act as disease modifiers were not considered in our analysis, suggesting that the role of genetic abnormalities in inducing resistance to treatments may still be underestimated. Interestingly, some reports showed that individuals with nephrotic syndrome caused by genetic mutations may occasionally be partially responsive to immunosuppressive agents. 18, [28] [29] [30] [31] [32] [33] We suggest that, in a subset of patients carrying minor genetic weakness of the podocyte, the disorder may even sometimes recognize a combined etiopathogenesis, being initiated by environmental agents or permeability factors that can be occasionally modulated by immunosuppression.
Despite the limitations reported above, the results of this study suggest that this type of genetic analysis may improve the approach to children with sporadic nephrotic syndrome by promoting better genetic counseling and management of the treatment.
CONCISE METHODS
In total, 69 patients affected by sporadic, nonsyndromic, and noncongenital nephrotic syndrome referred to the Meyer Children's Hospital of Florence, Italy from 2000 to 2013 and who provided informed consent were included in the study. Steroid-resistance was defined as failure to achieve remission after 8 weeks of prednisone (60 mg/m 2 per day or 2 mg/kg per day for 4 weeks followed by 40 mg/m 2 or 1.5 mg/kg on alternate days for 4 weeks) according to Kidney Disease Improving Global Outcomes (KDIGO) guidelines. 34 None of these patients exhibited a phenotype of late responder to steroid treatment. Complete remission, partial remission, and absence of remission were defined according to KDIGO guidelines. 34 On the basis of these criteria, we selected 31 patients with SRNS as well as 38 patients with the same clinical phenotype who were sensitive to steroid treatment (Supplemental Tables 1 and 3 ). All information about clinical features and response to treatment was collected retrospectively. DNA was extracted from peripheral blood using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), and the DNA libraries were constructed using Roche (Madison, WI) sample preparation protocol (Rapid Library Preparation Method Manual). A Roche NimbleGen sequence capture array in a solutionbased method was used to capture all coding exons and flanking regions of 46 genes according to the manufacturer's protocol (NimbleGen Arrays User's Guide: 454 Optimized Sequence Capture). The array included 19 known genes responsible for nephrotic syndrome (Supplemental Table 2A ); to potentially identify putative new genes, the other 27 candidate genes associated with proteinuria in animal models and expressed in the glomerular filtration barrier were included (Supplemental Table 2B ). The enriched libraries were sequenced using the Roche 454 Sequencing FLX Platform according to the manufacturer's protocols (emPCR Method Manual-Lib-L LV-Sequencing Method Manual). Reads were mapped to the reference human genome (UCSC build hg19) with the GS Mapper software, version 2.6 (Roche Diagnostic, Basel, Switzerland). Coverage statistics and mean depth were extracted from the mapping output files using custom scripts.
To identify genetic variants with a possible pathogenic significance, the following criteria were applied. Variants were nonsynonymous, short insertion/deletion, or splice site variants (60-bp splice acceptor and 60-bp splice donor); variants were not included in dbSNP135 unless they were reported in the Human Gene Mutation Database (www. hgmd.cf.ac.uk), previously shown to alter the function of the mutated protein, or represented the second mutated allele in the presence of a surely pathogenic variant. 35 Variants did not occur in healthy controls within the 1000 Genomes Project database (www.1000genomes.org) at a frequency .5%; variants did not occur within the Kaviar-hg19 database (http://db.systemsbiology.net/kaviar/) at a frequency .5%. Variants were not found in the Exome Variant Server of the National Heart, Lung, and Blood Institute Exome Sequencing Project (http://evs. gs.washington.edu/EVS/; release version: v.0.0.10) at a frequency .5%. Subsequently, a systematic classification scheme was applied using a combination of prediction programs. To distinguish potentially damaging variants from those variants predicted to have neutral effect, missense variants were analyzed with the dedicated softwares PolyPhen (http://genetics.bwh.harvard.edu/pph2/) and PMut (http://mmb.pcb. ub.es/PMut/PMut.jsp). Intronic variants localized #60 bp were analyzed with Netgene2 (http://genes.mit.edu/GENSCAN.html) and Berkeley Drosophila Genome Project splice site prediction (http:// www.fruitfly.org/seq_tools/splice.html web server). The comparison of the amino acid sequence of all new identified variants with those of phylogenetically distant species was performed using CLUSTALW algorithm. On the basis of the results, variants were classified as potentially pathogenic variants, variants of unknown clinical significance, or benign variants in accordance with the interpretation guidelines of the ACMG. [13] [14] [15] Identified variants were confirmed by Sanger sequencing (Supplemental Table 4 ). Parental samples, if available, were also analyzed to determine whether the mutated allele had been transmitted. Confocal microscopy was performed on 5-mm sections of renal biopsies from frozen tissues 36 using a Leica TCS SP5-II laser confocal microscope (Leica, Milan, Italy) and the anti-podocin polyclonal antibody (Abcam, Inc., Cambridge, UK). Statistical analysis was performed using SPSS software (SPSS, Inc., Evanston, IL). Frequencies between groups were compared by chi-squared test, applying Yate correction when appropriate. Between-groups comparisons were made by means of t test for unpaired data or Mann-Whitney U test owing to normal or nonparametric distribution. A P value ,0.05 was considered as statistically significant.
